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resumo 
 
 
Nanofios de ZnO foram crescidos por evaporação térmica na presença de um
fluzo de oxigénio em substratos de alumina. O crescimento foi efectuado à
pressão ambiente e sem a utilização de catalisadores externos. Identificou-se 
que o gradiente de temperatura entre o material de base e o substrato constitui 
o factor determinante no rendimento e tamanho dos nanofios.  A utilização de
microscopia electrónica de varrimento (SEM) revelou que as amostras, sujeitas
a esta metodologia de crescimento, consistem em ZnO em volume que
cresceu em cima da superfície do substrato a partir do qual crescem nanofios.
A partir da morfologia observada sugere-se que o mecanismo de crescimento 
seja governado pela variação da super saturação do vapor de zinco durante o
processo de crescimento. Foram realizadas medidas de difracção de raios-X 
(XRD) de modo a identificar a fase cristalina dos nanofios.  A investigação das
propriedades ópticas das amostras foi efectuada utilizando espectroscopia de
Raman e fotoluminescência. Em dispersão Raman o aparecimento do modo     
E2 (high) permitiu confirmar a cristalinidade dos nanofios com fase wurtzite
hexagonal. Sob excitação banda a banda, o espectro de fotoluminescência
registado a baixas temperaturas permitiu identificar que a recombinação óptica
é dominada por excitões ligados a dadores ~ 3.37 eV. Foi também observada
a emissão de excitões livres, emissão esta que é detectada até à temperatura
ambiente. A observação das emissões excitónicas e a fraca intensidade das
emissões relacionadas com defeitos profundos atestam a elevada qualidade 
óptica dos nanofios crescidos por esta metodologia.  
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Abstract 
 
Zinc oxide nanowires have been grown on alumina substrate by thermal 
evaporation of zinc powder in the presence of oxygen flow. The growth was
performed at ambient pressure and without the use of foreign catalyst.
Temperature gradient between the source material and substrate, in the
favourable growth temperature region, was identified as key factor determining
the yield and size of the nanowires. Scanning electron microscopy (SEM)
observation showed that the as-grown sample consists of bulk ZnO crystal on 
the substrate surface with nanowires growing from this base. Growth 
mechanism of the observed morphology is suggested to be governed by the
change of zinc vapour supersaturation during the growth process. X-ray 
diffraction (XRD) measurement was used to identify the hexagonal crystalline
phase of the nanowires. Optical properties of the nanowires were investigated
using Raman scattering and photoluminescence (PL). The appearance of
dominant, Raman active E2 (high) phonon mode in the Raman spectrum has 
confirmed the good cristallinity with wurtzite hexagonal phase of the nanowires. 
With above bandgap excitation the low temperature PL recombination is
dominated by sharp donor bound exciton luminescence at ~3.37 eV. Free
exciton emission is also seen at low temperature and can be observed up to 
room temperature. The optical data indicates that the grown nanowires have
high optical quality.  
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CHAPTER 1: Introduction 
 
Semiconductor nanowires as one-dimensional structures and components for nano-
dimensional devices have gained increasing attention. Recently, various semiconductor 
nanowires, nanorods and nanotubes of single element, oxide and compound 
semiconductors have been successfully synthesized. The progress in growth of these 
nanostructures has led to the first successful production of devices based on nanoscale 
semiconductors [1,2]. With the reduction of size into nano-scale, materials display novel 
electrical transport, optical, mechanical and thermal properties as a result of surface and 
confinement effects. In this regard, one-dimensional nanostructures are ideal candidates for 
investigating the dependence of these fundamental properties on the size and 
dimensionality. 
Among the wide range of semiconductor nanomaterials, nanostructures of II-VI 
semiconductor zinc oxide (ZnO) has gained special interest due to its unique properties and 
versatile applications in transparent electronics, ultraviolet (UV) light emitters, 
piezoelectric devices, chemical sensors and spin electronics [1,2]. As compared to other 
transparent conducting oxides, ZnO is probably the most studied material due to its 
potential technological application as a result of the following interesting properties [3]. 
ZnO has a wide bandgap of 3.37 eV at room temperature (RT) combined with large free 
exciton binding energy (60 meV) that has vast application in electronic, optoelectronic, and 
optical applications. In order to achieve efficient excitonic laser action at RT, the binding 
energy of the exciton must be larger than the thermal energy at RT (26 meV). In this 
regard, the large free exciton binding energy of ZnO can ensure an efficient excitonic 
emission at RT, and hence can facilitate low-threshold stimulated emission at RT. In 
addition, ZnO is a unique multifunctional oxide in having semiconducting, piezoelectric 
and pyroelectric properties and is an ideal candidate for fabricating electromechanical 
coupled devices such as actuators [1,4]. It has been also identified that ZnO exhibits 
sensitivity to various gaseous species such as ethanol, acetylene, and carbon monoxide, 
which makes it suitable for sensing application [5]. Moreover, ZnO is a biodegradable and 
possibly biocompatible material suitable for medical and biomedical application without 
coating [4]. Zinc oxide has O2- and Zn2+ terminated polar surface. Thus, the electrostatic 
interaction energy and the distinct chemical activities of the polar surfaces results in the 
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formation of a wide range of nanostructures by simple modification of the growth 
conditions. Added to this, ZnO is chemically stable and environmentally friendly material. 
Based on these outstanding physical properties and the stimulation towards device 
miniaturization, large effort has been focused on the synthesis, characterization and 
devices application of ZnO nanomaterials. In fact, different devices require large scale and 
controlled synthesis of nanostructures, and hence it is essential to find experimental 
conditions under which the desired nanostructures with better properties can be 
synthesized in large quantities, reproducibly, with controlled morphology. 
In the past few years, a variety of fabrication methods including metalorganic chemical 
vapour deposition (MOCVD), chemical vapour deposition (CVD), physical vapour 
deposition (PVD), molecular beam epitaxy (MBE), thermal evaporation and condensation, 
etc. have been used to synthesis one-dimensional ZnO nanostructures. Moreover, various 
mechanisms such as vapour-liquid-solid (VLS), Vapour-solid (VS), and redox reaction 
were proposed to understand the growth of nanostructures [6,7]. Most of these synthesis 
techniques use metal catalysts, such as Au, Cu, Sn or other additives such as, NiO, Ga, to 
enhance and control the growth process [8, and references therein]. Recently, catalyst-free 
synthesis of ZnO nanostructures using thermal evaporation technique, which has gained 
most attractiveness to synthesis oxide nanowires due to its simplicity and low cost, has 
been also reported in literature [7,9,10,11]. On the other hand, the growth of ZnO by vapor 
deposition is typically affected by temperatures of the source and the substrate, the distance 
between the source and substrate, the carrier gas flow rate, pressure, tube diameter and 
starting materials [5,9,12]. The effect of these factors on the evolution of nanostructures 
has been studied by several authors [6,9,10,12]. However, majority of the works done so 
far are catalyst-assisted and/or involves low deposition pressure and little work is done on 
catalyst-free synthesis of ZnO nanowires under ambient pressure. On the other hand, the 
catalysts may introduce foreign impurity in the composition of the nanostructures, and the 
deposition pressure is known to affect the vapour supersaturation level which is crucial to 
determine the type of growth to occur. Therefore, there is a need to further explore 
catalyst-free ambient pressure processing of ZnO nanowires with better property using 
simple and cost effective thermal evaporation technique. 
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The main objective of the present work includes: 
1. Synthesis of good quality ZnO nanowires at ambient pressure using thermal 
evaporation and subsequent oxidation of Zn powder in the presence of oxygen 
flow. 
2. Structural and optical characterization of the as-grown nanowires. 
 1.1 Outline of the thesis 
 
This thesis work is presented in 5 chapters. The present chapter has covered the 
introduction of works that has been done on the area of the course, motivation to the 
present study, and the aim of this work. 
In chapter 2, the necessary background information about the material (ZnO) will be 
presented. Some properties of ZnO including crystal and surface structure, electronic band 
structure, lattice vibrations and some important crystal defects in ZnO are discussed. This 
background information is given to lay the ground work for understanding the 
experimental data that will be presented in later chapters.  
Chapter 3 presents the principle of thermal evaporation growth technique, which is used in 
this work for the synthesis of ZnO nanowires. Brief introduction of the growth mechanisms 
involved in the synthesis of nanostructures and description of the experimental procedure 
followed for the synthesis of ZnO nanowires is also presented in this section. 
In chapter 4, the basic working principles of the characterization techniques used along 
with some background information for interpretation of the obtained results are introduced. 
The results of each characterization technique and detail discussion of the results are also 
presented in this section. 
Finally, in chapter 5 conclusions for the present work, some recommendations and 
suggestions for the future works are presented.  
Some fundamental properties of the alumina substrate are presented in appendix 1. 
Measurement results related to the alumina substrate, which are obtained during the 
structural and optical characterization of the as-grown ZnO sample, are also discussed in 
this section. 
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CHAPTER 2: ZnO fundamental properties and nanostructures 
  
2.1 Crystal and surface structure  
 
 Zinc oxide crystallizes into three structures namely, Wurtzite, zinc-blend and rock-salt 
structure [13]. However, the zinc-blend ZnO structure can be stabilized only by epitaxial 
growth on suitable cubic substrates and the rock-salt structure is obtained by phase 
transformation at relatively high pressure. The stable structure of ZnO under ambient 
condition is the wurtzite hexagonal structure with a lattice constant of nma 325.0=  and 
nmc 521.0=  [2]. Wurtzite structure belongs to the crystal symmetry of ( )4636 vCmcP  space 
group and )(6 6vCmm point group [10].  
The structure of ZnO is commonly  represented as a number of alternating planes 
composed of tetrahedrally coordinated O2- and Zn2+ ions, stacked alternatively along the c-
axis as shown in figure 2.1 [14]. Locally, every atom is surrounded by four atoms of the 
other kind, which are arranged at the vertices of a tetrahedron. The O-Zn distance of 
nearest neighbours is 1.992 Å in the direction parallel to the c-axis of the hexagonal unit 
cell and 1.973 Å in the other three directions of the tetrahedral arrangement [15]. 
Furthermore, each ion also has twelve next-nearest neighbours of the same types of ions. 
The oppositely charged ions produce positively charged )0001( -Zn and negatively 
charged )1000( -O polar surfaces, resulting in dipole moment in the unit cell and 
spontaneous polarization along the c-axis. This induces divergence in surface energy along 
the different crystallographic direction.  
As shown in figure 2.1b, the polarization vector due to the polar surfaces is perpendicular 
to the basal planes and such a polarization causes surface instabilities. In order to maintain 
the stability of a structure, the polar surfaces usually have facets or show substantial 
surface reconstruction. Nevertheless, it has been observed that the polar surfaces of 
ZnO ( )0001±   are atomically flat, stable, and exclusive of reconstruction [1]. It is also 
observed that the )0001( -Zn surface is chemically active for the growth of nanostructures 
where as the )1000( -O surface is inert. 
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Wurtzite ZnO exhibits strong piezoelectric property. The origin of the piezoelectricity lies 
in its crystal structure, in which the oxygen atoms and zinc atoms are tetrahedrally bonded. 
In such non-centrosymmetric structure, the centre of positive charge and negative charge 
can be displaced due to external pressure induced distortion. This displacement results in 
local dipole moments and as a result macroscopic dipole moments appears over the whole 
crystal. It has been reported that among the other piezoelectric semiconductors, ZnO has 
the highest piezoelectric tensor which provides strong electromechanical coupling [2]. As a 
consequence, ZnO is a promising candidate for the fabrication of electro-mechanical 
coupled devices such as sensors, actuators, etc [1]. 
 
 
Figure 2.1-Crystal structure of ZnO (a) 3D representation and, (b) 2D representation [14]. 
 
From structural point of view, ZnO has three types and a total of 13 fast growth directions 
such as, ,0001 0101  and 0112  [1]. The non-polar { }0101  and { }0112  surfaces have 
lower energy than the { }0001  polar surfaces. The divergence in surface energy combined 
with the polar surfaces induce a phenomena which results in a wide range of ZnO 
nanostructures that can be grown by controlling the growth rates along the growth 
directions. One of the most profound factors determining the morphology involves the 
(b) (a) 
                        Growth, Structural and Optical Characterization of ZnO Nanowires            
 6
relative surface activities of various growth facets under given conditions. According to the 
low energy principle, the [0001] plane is the fastest growing crystallographic plane 
compared to the other crystal facets. Moreover, the favoured crystallographic orientations 
of a crystal are driven by kinetics, and at a macroscopic level, different crystal planes have 
different kinetic parameter. Therefore, by controlling the growth conditions such as growth 
kinetics, local growth temperature, chemical composition of the source materials, the 
morphology of the product can be determined. 
2.2 Lattice vibration modes 
Atoms in a solid vibrate about their equilibrium position through interaction with their 
neighbours and the superposition of their vibrations forms wave of allowed wavelength 
and amplitude. This quantum of vibration is called phonons. Wurtzite structure ZnO has 
four atoms per unit cell and a total of 12 phonon modes corresponding to one longitudinal- 
acoustic (LA), two transverse-acoustic (TA), and nine optic phonons. A group theory 
analysis predicts that the optical phonon modes at the Γ point of the Brillouin zone have 
the symmetries of 2111 22 EEBA +++  [10]. Among these symmetries, the two 2E  phonon 
modes are only Raman active, where as 1A and 1E modes are both Raman and Infrared (IR) 
active. The 1B modes are forbidden for both Raman and IR. Moreover, 1A and 1E  modes are 
polar and their vibration polarizes the unit cell which results in the creation of a long-range 
electrostatic field.  This in turn splits the polar modes into transverse optical (TO) and 
longitudinal optical (LO) components. For the lattice vibrations with 1A and 1E symmetries, 
the atoms move parallel and perpendicular to the c-axis, respectively. It has been identified 
that the high frequency 2E  mode ( 2E (high)) is attributed to the vibration of the oxygen 
atoms where as the low frequency 2E  mode ( 2E (low)) is associated with the vibration of 
heavy Zn sublattice [11,13].  
A set of phonon mode frequencies for bulk ZnO, thin films and nanostructures have been 
measured using Raman spectroscopy (RS) and IR [16]. Table (2.1) shows a complete set of 
typical optical phonon modes of ZnO at the Γ point. The eigenenergies of the optical 
phonons at the center of the first Brillouin zone )0( =k  ranges from 12.3 meV, which 
corresponds to the 2E (low) mode, to 72.5 meV for the 1E (LO) mode. 
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Table 2.1- Symmetries and typical eigenenergies of optical phonon modes of ZnO at the 
Γ point [16]. The accuracy or spread of the energies is meVorcm 15 1 ±± − .  
 
Symmetry 
 
Wavenumber (cm-1) 
 
Energy (eV) 
)(2 lowE         6Γ  100 12.3 
)(1 lowB          3Γ  240 29.7 
)(2 highE        6Γ  440 54.5 
)(1 highB         3Γ  540 66.9 
)(1 TOA           1Γ  380 47.1 
)(1 TOE           5Γ  410 50.8 
)(1 LOA           1Γ  577 71.5 
)(1 LOE        5Γ  590 72.5 
 
Reports in literature [17] showed that Raman peaks of both polar and nonpolar phonon 
modes in ZnO nanostructures are shifted to lower frequency as compared to bulk ZnO. 
Moreover, the spectra from the nanostructures showed discrete spectrum of frequencies 
different from those of bulk phonons. 
 
2.3 Energy band structure and optical properties of ZnO 
2.3.1 Electronic band structure  
For semiconductors, the energy of a single free carrier is described by the band 
structure )(kE , which is the function of quasi-momentum k  that is determined by the 
periodic boundary conditions. Basically, the properties of the band structure are 
determined by the symmetry properties of the semiconductor crystal and the chemical 
binding of the constituting elements [18]. Thus, the band structure can be qualitatively 
understood by assuming the lattice periodic part of the Bloch functions are related to the 
atomic orbital of the constituting elements. This assumption is fulfilled for compounds 
with rather strong ionic contribution to the binding, including the II-VI compounds. Based 
on the atomic orbital model, the lowest conduction bands are mainly constituted by the 
lowest unoccupied s-levels that are generally from the cations where as the corresponding 
valence bands are formed by the highest occupied levels, which in most cases, are the p-
levels of the anions.  
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 The band structure of ZnO near the Γ point of the Brillouin zone is shown schematically 
in figure 2.2.The lowest conduction band arising from the 4s levels of +2Zn or antibonding 
3sp  hybrid has two fold degeneracy and 7Γ  symmetry. The upper most valence band 
originates from the 2p-levels of −2O  with some admixture of lower lying d-levels [16,19]. 
The valence band of the vC6  space group semiconductor is split by the crystal field of 
hexagonal wurtzite structure and the spin-orbit coupling into three degenerate valence 
bands usually labelled as A, B, and C from higher to lower energies [13]. The A, B, and C 
valence bands have symmetries of 7Γ , 9Γ , and 7Γ  respectively. The symmetries of the 
upper two valence bands of ZnO are reversed as compared to other II-VI semiconductors 
such as CdS that have symmetries in the order of 9Γ , 7Γ  and 7Γ  for A, B, and C bands 
respectively. This is from the fact that ZnO has negative spin-orbit coupling. 
  
 
Figure 2.2-Schematic representation of the band structure of ZnO near the Γ point of the 
Brillouin zone [20]. 
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The bandgap of a semiconductor changes with temperature. This change has been 
attributed to lattice expansion and electron-lattice interaction [21]. With increasing 
temperature the lattice constant and amplitude of oscillations of atoms around their 
equilibrium position increases. Moreover, the electron-lattice interactions are temperature 
dependent. For temperatures far below the Debye temperature (temperature of crystal’s 
highest normal mode of vibration) the bandgap varies quadratically with temperature while 
for higher temperature the variation goes linearly. This temperature variation of the 
bandgap can be described by empirical Varshni equation as [22,23]: 
T
TETE gg +−= β
α 2)0()(  ……………………………………………….. (2.1) 
where )0(gE  is the bandgap energy at 0K, and α  and β  are constants to be determined 
from experimental data. 
 
2.3.2 Free excitons in ZnO 
At absolute zero temperature, an ideal semiconductor is in its ground state if there is no 
any excitation source. In the ground state, the bands below the top of valence band are 
totally filled with electrons and the conduction band is completely empty. If an electron is 
excited from the valence band to the conduction band by a photon of energy in the bandgap 
region (or by other excitation processes), the N electron system of the semiconductor is 
brought from the ground state to the excited state. The quantum of this elementary 
excitation is called “exciton” [19].  
Another useful and simple model used to describe exciton is the effective mass model. In 
this view, exciton is considered as a pair of electron and hole that interacts through their 
coulomb field and influenced by the dielectric constant of the semiconductor. The 
interactions result in completely correlated motions of the paired electrons and holes and 
reduction of the total energy of the bound state relative to that of the unrelated free carrier 
states by an amount corresponding to the exciton binding energy. For the simple parabolic 
bands of a direct bandgap semiconductor, the relative motion of the electron and hole can 
be separated from the motion of the center of mass. Following this, the energy dispersion 
relation of exciton can be written as [19]: 
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* h+−= ……………………………………………… (2.2) 
 Where gE is the bandgap energy of the semiconductor; n = 1, 2, 3… is the principal 
quantum number, *yR  is exciton binding energy, and hehe kkkandmmM +=+= are 
transitional mass and wave number of exciton, respectively.  
The exciton binding energy ( *yR ) corresponding to the ground state (n=1) free exciton 
energy )( FXE  is given by: 
    )(6.13 2
* eVRy ε
μ=  ……………………………………………………………… (2.3) 
With 
he
he
mm
mm
+=μ the reduced mass of the electron and hole system and ε  is the dielectric 
constant of the semiconductor.  
Therefore, the excitonic energy levels near the Γ  point with respect to the bottom of 
conduction band can be given by: 
     2
*
n
R
E yex =  ………………………………………………………………… (2.4) 
This suggests that the exciton states can exist in a series of excited states in similar way as 
excited states of hydrogen like atomic systems, with ionization limit corresponding to the 
bottom of conduction band as shown in figure 2.3.  
The corresponding exciton Bohr radius is also given by: 
 
     2
2
e
ax μ
ε h= ……………………………….. ……………………………. (2.5)  
 
 As mentioned earlier, the valence band in ZnO splits into three doubly degenerate 
subbands labelled as 9Γ , 7Γ  and 7Γ  due to the hexagonal crystal field splitting and spin-
orbit coupling interactions. Corresponding to these subbands, three types of holes can be 
distinguished by different effective masses. Consequently, ZnO has three series of excitons 
which are formed due to the coulomb interactions of electrons in the 7Γ -conduction band 
with holes in the three subbands. These excitons are usually called as )( 77 Γ→ΓA , 
)( 97 Γ→ΓB  and )( 77 Γ→ΓC  excitons [13].             
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Figure 2.3-Schematic energy levels of an exciton for direct bandgap semiconductor near 
the Γ  point, adapted from [16]. 
 
The splitting of the valence band and the corresponding excitonic properties can be 
experimentally determined from the low temperature photoluminescence (PL), 
photoreflectance (PR), absorption, and reflection measurements [13]. In terms of the 
irreducible representations in vC6  point group of the corresponding bands and the electrical 
field vector ( )E  of the light beam with respect to the optic axis ),( axisc −  the following 
selection rules has been identified for the three excitons [13]: 
1. For σ polarization ( )ckandcE ⊥⊥ , transitions are allowed for all the three 
excitons however, the C exciton is quite weak. 
2. For π  polarization ( )ckandcE ⊥// , the C exciton is strongly allowed where as the 
B exciton is weakly observable. Exciton A is forbidden in this geometry. 
3.  For α polarization ( )ckandcE //// , all three transitions are clearly observable. 
Based on this selection rules, Thomas first investigated the fundamental free exciton 
spectrum of ZnO crystal by using reflection and absorption measurements in 1960 [13]. 
The measurement was performed over a range of temperature from 4.2K to 300K. He 
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identified three excitonic series associated with the three valence subbands using different 
geometries of light polarization with respect to the optic axis. A typical reflection spectrum 
is shown in figure 2.4. 
 
 
Figure 2.4-Reflectivity spectra of ZnO at 4.2K for cEandcE //⊥  [13]. 
 
The low temperature PL has been also widely used to investigate the excitonic emissions 
of ZnO and hence for the determination of exciton binding energies, exciton Bohr radii, 
dielectric constant, spin-orbit coupling and crystal field parameters. Teke et al. has taken 
the PL spectrum of ZnO single crystal in the cE ⊥  polarization geometry at 10K. In the 
spectra, the A free exciton and its first excited state transitions are observed. Figure 2.5 
shows the typical spectra in the fundamental excitonic region (detail description can be 
found in reference [13]). Using the energy separation of ground and excited state peak 
position and the hydrogen model of exciton, the exciton binding energy and the bandgap 
energy was predicted as 60 meV and 3.4371 eV, respectively. 
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Figure 2.5-Free exciton fine-structure region of the 10K PL spectrum for ZnO [13]. 
 
2.3.3 Electronic energy levels of native defects in ZnO  
 
Under the common physical preparation condition, excess zinc ion is usually found in 
ZnO. Due to this zinc excess, ZnO is non-stoichiometric compound with relatively open 
structure and an n- type semiconductor. In literature, point defects such as Zn interstitial, 
Zn vacancy and oxygen vacancy in ZnO are referred to be the native lattice defects of the 
material [5,24]. Zn interstitials and oxygen vacancies are expected to act as donors, and 
these defects have frequently been invoked as source of high carrier concentration. 
However, Zinc interstitials have high formation energies and low diffusion barriers, and 
therefore, unlikely to be incorporated into the stable ZnO structure [13]. As for oxygen 
vacancies, they have the lowest formation energies though oxygen is considered to be a 
deep rather than shallow donor in ZnO structures. Oxygen vacancies can theoretically take 
three different charge states: the xOV  state which has captured two electrons and is neutral, 
the singly ionized +OV  state, and the 
++
OV  state which did not trap any electron and is 
doubly positive charged.  
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Zinc interstitials can also take +++ ii
x
i ZnandZnZn ,, . However, the valence states of zinc 
interstitials often depends on the temperature and process condition. Another defect in ZnO 
is the zinc vacancy, which is represented as xZnV , 
−
ZnV  and 
−2
ZnV , respectively for neutral, 
singly charged and double charged zinc vacancy, occupying the acceptor energy levels. 
The location of the energy levels for native defects in ZnO has been estimated based on 
numerous studies of its electrical and optical properties. These typical energy levels are 
shown schematically in figure 2.6. The locations of the energy levels are given with respect 
to the bottom of the conduction band or to the top of valence band. In the figure, the full 
arrows indicate non-radiative transition where as the half arrows stand for radiative 
transition. 
 
 
Figure 2.6-Electronic energy levels of native defects in ZnO, adapted from [5,24]. 
 
2.4 Nanostructures of ZnO 
 
ZnO nanostructures have been extensively studied due to their tremendous potentials as 
building blocks for fabricating nanometre-scaled devices as well as for understanding 
fundamental phenomena at low dimension. So far, various types of ZnO nanostructures, 
including nanorods [10,11], nanowires [3,6], nanoneedles, nanostars [9], nanobelts, 
nanobows, nanosprings, nanohelixes, nanocages [25,26], flower-shaped ZnO 
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nanostructures and so on have been synthesized using various fabrication techniques under 
specific conditions. Some typical nanostructures are shown in figure 2.7.   
 
The growth of various morphologies of the nanostructures mainly relies on the divergence 
in growth kinetics along the preferred growth directions and the polar surface induced 
phenomena. Different facets of a crystal have different energy. Among the fast growth 
facets of ZnO, 0112  and 0101 facets have lower surface energy than the 0001  facets. 
Therefore, the 0001  facet is thermodynamically favourable for growth, and hence leads 
to growth along c-axis. As a consequence, one-dimensional structures such as, nanowires, 
nanorods, and nanobelts can be obtained under different processing condition. In a similar 
manner, the formation of other nanostructures such as nanorings and nanohelixes can be 
understood by considering the nature of polar surfaces. For instance, if the surface charges 
are uncompensated during growth of nanobelts, the spontaneous polarization induces 
electrostatic energy due to the dipole moment. Thus, the nanobelts can roll up forming a 
circular ring which would minimize or neutralize the overall dipole moment and hence 
reduce electrostatic energy. This bending of nanobelts on the other hand produces elastic 
energy. Therefore, thermodynamically stable shape of the nanobelts is determined by the 
minimization of the total electrostatic and elastic energy. 
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Figure 2.7-Collection of ZnO nanostructures. (a) nanohelix, (b) nanocomb, (c) nanorod, 
(d) nanospring, (e) nanoring, (f) nanobelt, (g) needle-shaped nanowire, (h) nanowire,  
[10,14]. 
(b) (a) 
(d) (c) 
(f) (e) 
(h) (g) 
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CHAPTER 3: Thermal evaporation growth of ZnO nanowires  
3.1 Introduction 
 The thermal evaporation technique is based on  a simple process in which the source 
material in the condensed or powder form are first vaporised at an elevated temperature 
and the resulting material in vapour phase then condenses under certain conditions 
(temperature, pressure, atmosphere, substrate, etc.) to form the desired product. The typical 
heating sources used include electron-beam, radio frequency (RF) inductive and resistive 
heating. 
In electron-beam evaporation, an electron source is aimed at the source material causing 
localized heating. The RF induction uses an AC power supply to produce an alternating 
current through an induction coil. This alternating current generates a magnetic field in the 
coil. When the source material is placed inside the coil, the magnetic field induces current 
within the source material providing localized heat. Finally, resistive heating provides heat 
by sending a high current source through a resistive coil, such as tungsten, and is a non-
localized heat source and therefore commonly used for furnace applications. Among the 
three heating sources the resistive sources have been widely used to produce thin films as 
well as various nanostructures of ZnO with different shapes, size and orientations 
[1,7,10,24].  
In this thesis work, thermal evaporation growth of ZnO nanowires was performed in a 
horizontal tube furnace which uses resistive heating. The detailed description of the 
synthesis setup and procedures will be given in later sections. Prior to that, it is important 
to make some general considerations about the common growth mechanisms involving 
vapour condensation.  
3.2 Growth mechanisms 
In the past years, one-dimensional nanostructures have been developed and synthesized by 
different techniques. These fabrication techniques can be categorized into four groups 
namely, spontaneous growth, template based synthesis, electrospinning and lithography 
[27]. Among these techniques the first three are considered as bottom-up approach where 
as lithography is a top-down technique. Spontaneous growth commonly results in the 
formation of single crystal nanowires or nanorods along a preferential crystal growth 
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direction depending on the crystal structures and surface properties of the nanowire 
materials. On the contrary, template based synthesis mostly produces polycrystalline or 
amorphous products.  The thermal evaporation technique used for the synthesis of ZnO 
nanowires in this thesis work is categorized under spontaneous growth; hence attention 
will be given to this growth method. Further information on the other techniques can be 
obtained in reference [27]. 
 The driving force for spontaneous growth is the reduction of Gibbs free energy, which can 
be realized by phase transformation, chemical reaction, or stress release. For the formation 
of nanowires or nanorods, anisotropic growth is required. Moreover, uniformly sized 
nanowires (uniform diameter along the longitudinal direction) can be obtained when 
crystal growth proceeds only along one direction. Crystal growth by thermal evaporation 
can be explained by two distinct features of vapour condensation and solidification. Either 
the vapor first condenses into a liquid which then condenses into solid or the vapor 
bypasses the liquid state and transforms directly to the solid state. Accordingly, two 
mechanisms of growth for one-dimension structures have been proposed. The first 
mechanism is the vapor-liquid-solid (VLS) where as the second mechanism is vapor-solid 
(VS) growth [21]. The detail description of VS growth, which is inline with the present 
work, and brief introduction of VLS method, is presented in the following subsections. 
 
3.2.1 Vapour-solid (VS) growth 
The fundamental growth of one-dimensional nanostructures is historically based on early 
work on growth of whiskers. As defined in [27,28], a whisker is a single-crystal eruption 
from a surface of a deposited metal film. Whiskers typically have 5 microns diameter with 
lengths of 1-500 microns. Based on early works on the growth of whiskers, several 
mechanisms have been proposed for the origin of anisotropic growth which leads to the 
formation of one-dimensional nanostructures. These mechanisms include: anisotropy in 
growth rate of different facets of crystal, presence of imperfections in specific crystal 
directions such as, screw dislocation, and preferential accumulation of impurities on 
specific facets.   
Dislocation theories describing the root growth of whiskers have been proposed by 
different authors in the 1950’s [25]. However, Sears was the first to explain axial screw 
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dislocation induced anisotropic growth of whiskers [27]. For whiskers (nanowires) grown 
by simple evaporation condensation under low supersaturation, he observed that the 
diameter of the nanowires remained constant throughout the axial growth.  On this base, he 
proposed that for sufficiently low vapour supersaturation, growth could occur at the tip of 
whiskers rather than at base. Obviously, the growth species simultaneously condense at the 
tip as well as the side walls. Therefore, under the assumption that nucleation and growth 
occur only at the growth front, condensed species on the walls must either migrate to the 
tip of the whisker or desorbs from its surface. As diffusion limited process, Sears suggested 
that the growth rate increases exponentially for whisker length less than the mean diffusion 
distance of the desorbed species. In comparison, if the whisker length is greater than the 
mean diffusion distance, the rate would be linear since the species would arrive at the tip at 
constant rate with dependence on the partial vapour pressure within the environment. More 
generally, if h  is the instantaneous length at time t  and 0h  is the length at 0=t , the 
exponential growth is given by [28]: 
      ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
g
nthh exp0  …………………………………………………………. (3.1) 
 where n is the number of species condensing onto the surface per unit area per second and 
g is the geometrical constant.  
Expanding on the Sears’ concept, Blakely and Jackson [28, and references therein] solved 
for two-dimensional nucleation probability )( nP  on the surface of nanowires as: 
       ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= α
πσ
ln
exp 22
2
Tk
BPn ………………………………………………….. (3.2) 
where B  is a constant, σ  the surface energy of the solid nanowire, k  is the Boltzmann 
constant, T  is absolute temperature, and α  is a measure of supersaturation defined as the 
ratio of actual vapour pressure, P  and equilibrium vapour pressure 0P  at temperature 
T )(
0P
P=α .   
From equation (3.2), one can clearly infer that lower surface energies correspond to greater 
two-dimensional nucleation probability. On the other hand, low energy surfaces have 
smaller sticking coefficient as compared to the higher energy surface counterparts. 
Consequently, adsorbed species will have a higher probability of desorption on this low 
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energy surfaces. Therefore, balance between these two distinct effects is essential for the 
formation of low energy crystal planes that commonly enclose whiskers and one-
dimensional nanostructures. As a result of this investigation, the growth of whiskers as 
well as one-dimensional nanostructures is identified as kinetically-driven anisotropic 
crystallization processes that are heavily dependent on temperature and supersaturation 
[27,28]. Lower temperature and lower supersaturation are required for nucleation and 
growth of nanowire-like structures. However, it should be noted that the concentration 
(saturation) is ideally higher than the equilibrium concentration of the growth surface [27]. 
On the contrary, higher temperature and larger supersaturation facilitate two-dimensional 
nucleation resulting in the formation of films. In summary, temperature and 
supersaturation are the two dominant factors during VS growth and provide the ability to 
control morphology of the deposited product.  
Based on the aforementioned criteria, the VS growth process can be considered as self- 
catalyzed. The growth of ZnO nanowires by simple thermal evaporation via VS 
mechanism has been reported in literature. Zhang et al. [29] synthesized well aligned ZnO  
nanowires on ZnO thin film, which is grown on sapphire using pulsed laser deposition, at 
temperature of ~750ºC using Zinc powder. Zhang found that temperature was the critical 
experimental parameter for the formation of different morphologies of ZnO nanostructures. 
In addition, it has been reported by several research groups [5-8] that the type of growth is 
also controlled by the pressure, oxygen availability, and gas flow, which all affect one 
another and create a specific vapour environment which leads to the growth of various 
nanostructures. Therefore, a general understanding of the conditions that control the 
growth and underlying growth mechanism is crucial for achieving reproducibility in the 
growth of nanostructures. 
3.2.2 Vapor-liquid-solid (VLS) growth 
In the VLS growth, a second phase material, commonly referred to as either impurity or 
catalyst, is purposely introduced to direct and confine the crystal growth onto a specific 
orientation and within a confined area. A catalyst forms a liquid droplet by itself or by 
alloying with growth material during the growth, which acts as trap of growth species. 
Enrich growth species in the catalyst droplet subsequently precipitates at the growth 
surface resulting in the one-dimensional growth. An important identification of the VLS 
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mechanism is that it leaves residues from the impurities at the tip of the grown structures. 
ZnO nanowires grown by this mechanism has been reported by several authors. Yang et al. 
[11] presented controlled growth of ZnO nanowires on Au-coated single crystalline silicon 
and sapphire substrates using chemical vapour transport and condensation (CVTC) 
method. ZnO powder and graphite flakes were used as source material and it has been 
observed that the absence of graphite in the starting material produces essentially nothing 
on the Au-coated substrates, which indicates the importance of Zn vapour generated by the 
carbothermal reduction of ZnO. Banerjee et al. [6], also succeeded in producing large- 
quantity free standing ZnO nanowires via thermal evaporation of ZnO powder and graphite 
powder in tube furnace at high temperature and lower pressure (1-2 Torr). The graphite 
flakes were found to be the key ingredient for the large quantity growth and can be easily 
removed by oxidation of the as-made samples at different temperature for 1-3h in oxygen 
flow. 
3.3 Synthesis setup 
The thermal evaporation process used for the synthesis of ZnO nanowires was carried out 
in an alumina tube (150 cm length and 70 mm inner diameter) which is placed in a 
horizontal tube furnace. The system mainly consists of a horizontal tube furnace, alumina 
tube, gas supply and control systems, set of thermocouples, and a computer with seven 
channel temperature data logger software.  The schematic illustration of the setup is shown 
in figure 3.1. 
 
 
 
Figure 3.1-Schematic illustration of the general experimental setup for the growth of ZnO nanowires. 
Gas 
Alumina tube Heating element 
Steel end cap 
     Zn source  
Substrate 
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The furnace used was a three zone (model ETF 70/12-3, Entech) high temperature tube 
furnace which consists of a series of resistive heating elements in three regions with 
respective temperature controller units. The heating elements are serially combined 
forming temperature gradient within the three zones of the tube furnace in such a way that 
the temperature decreases outwardly from centre of the furnace. However, in this particular 
work, the heating elements of the two side zones were disconnected on purpose and only 
the master controller unit at the centre was used. For further illustration, the picture of the 
furnace is shown in figure 3.2. 
 
The alumina tube was equipped with adjustable steel end caps on both ends to enable the 
experiments in controlled gas atmospheres. Furthermore, the steel end cap on one end of 
the tube was specially designed in such a way to hold a set of thermocouples which were 
used to monitor the temperature in different regions of the furnace through seven channel 
temperature data logger installed to a computer.  
 
 
 
         Figure 3.2-Horizontal tube furnace used for the synthesis of ZnO nanowires. 
 
3.4 Experimental procedure 
As stated earlier, synthesis of the nanowires was carried out by vapour-solid deposition 
technique and the process is initiated by thermal evaporation.  
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The first step of the synthesis process was to clean the alumina tube. The tube was cleaned 
in a succession of ethanol (96%) and water. After cleaning, the tube was then dried in air 
and covered with a thin cotton-like cloth (on its ends) to prevent contamination during 
loading into the furnace. Once the tube was inside the furnace, a series of thermocouples 
were inserted into the tube furnace for temperature calibration.   The purpose of calibration 
was to observe the temperature profile within the alumina tube. For illustration the profile 
along the tube, when the temperature inside alumina tube at the centre of the furnace was 
stabilized at 850ºC, is shown in figure 3.3. While measuring this profile, the left end of the 
tube is sealed and the right end is kept open to air. It is clearly observed that the 
temperature gradient between two points increases as one move from the centre to the end 
of alumina tube. This increases the freedom of choosing any temperature gradient for the 
synthesis of nanowire growth. Moreover, this curve can be used to interpolate or 
extrapolate to some extent the temperature at any point during the synthesis process.  
 
 
 
Figure 3.3-Temperature profile along the alumina tube, the distance is between the centre 
of the furnace and given position along the tube to the right end. 
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After calibration of the furnace temperature, the synthesis was carried out as follows. Zinc 
powder (commercial, 99% purity) was spread in a modified (one end-open, 7 cm length) 
alumina boat near its open-end edge as shown in figure 3.4. In the same boat, an alumina 
substrate with sprinkled zinc powder on its surface was placed downstream adjacent to the 
source material at the corner edge of the closed side of the boat. The boat was then placed 
at distance of 25-30 cm from the centre of the furnace, with its open end facing the centre 
of the tube. Once the boat is placed at the desired position, the left end of the tube was 
covered using the steel end cap and sealed while the right end was kept open to air 
throughout the whole process in order to optimize the temperature gradient between the 
source material and substrate during the process. Nitrogen gas at flow rate of 500 sccm 
(standard cubic centimetres per minute) was introduced from left end of the furnace during 
the whole synthesis process. When the temperature at the middle of boat was raised to 
420ºC, oxygen gas was supplied at flow rate of 90 sccm and maintained until the end of 
growth process. After the furnace temperature (at center) is stabilized at desired 
temperature of 850ºC, a sharp temperature gradient from ~672ºC at the middle of boat to 
~618ºC at the substrate position (over a distance of 3-3.5 cm) is observed. This 
temperature was maintained for 60 minutes and then the furnace is naturally cooled down 
to room temperature. The surface of the zinc source on the boat showed gradual colour 
change along the boat length from white on upstream to dark grey on the substrate side and 
whitish gray colour is observed on the substrate surface. The as-grown sample was then 
characterized by various structural and optical characterization techniques. 
  
 
Figure 3.4-Schematic representation of the substrate and source material placement on one 
end-open alumina boat. 
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CHAPTER 4: Characterization of ZnO nanowires 
 
A variety of characterization techniques were used to analyse the morphology, structural 
and optical properties of the as-synthesised ZnO nanowires. These include scanning 
electron microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy (RS), and 
photoluminescence (PL) spectroscopy. This section presents brief description of each 
technique used followed by the results and discussion. Some related basic theories and 
literature reviews are also included in order to use for interpretation of the experimental 
data.  
4.1 Morphological and structural characterization 
4.1.1 Scanning electron microscopy  
In a typical SEM, a source of electron focused into a beam is scanned over the surface of a 
specimen by deflection coil. As the electrons strike and penetrate the surface, a number of 
interactions occur that result in the emission of electrons and photons from the sample.  
The scanning electron microscopy uses emitted electrons to produce the image of the 
sample. In this thesis, the morphology of as-grown ZnO nanowires was investigated using 
field-emission scanning electron microscopy (ZEISS 1540XB SEM). 
4.1.1.1 Results and discussion 
A typical SEM image of the as-grown ZnO nanowires is shown in figure 4.1. As it can be 
seen from the SEM image, the surface of the substrate is not homogenously covered with 
the nanostructures. Moreover, the observed sample shows a unique morphology consisting 
of bulk seed-like structure at the base with outwardly growing nanowires on their surfaces. 
This morphology can be explained with reference to the growth condition. Up on heating 
the furnace to the growth temperature, Zn vapour is continuously generated from the 
source material in the boat as well as the sprinkled powder on the substrate. Moreover, rate 
of generation of vapour increases with temperature. These results in high vapour 
supersaturation which leads to bulk growth observed as seed-like structure at the base. 
After the seed-like structure is formed the vapour comes only from source material through 
a carrier nitrogen gas. Moreover, after growth temperature is attained, the vapour is 
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generated from the source material at constant rate resulting in lower supersaturation. This 
reduction of supersaturation combined with anisotropy in surface energy of the crystal 
leads to the initiation and growth of nanowires on the seeds. Hence, the seed has acted as a 
catalyst for the upcoming vapor to grow in a certain crystallographic direction. A similar 
phenomenon has been reported in literature for the growth of ZnO nanowires after the 
formation of ZnO thin films on silicon substrate [10].  
 
 
 
Figure 4.1-Typical SEM image of ZnO nanowires grown on alumina substrate. 
 
High resolution SEM image of nanowires on a single seed is shown in figure 4.2. The 
nanowires have diameter ranging from nm8070 −  and length of mμ1510 − . This shows 
relatively high aspect ratio of the nanowires. Moreover, as it can be seen from the SEM 
image, no any metal particles are observed at the tip of the nanowires, which is expected in 
the VLS growth mechanism. From this observation, and of course as the growth is carried 
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out without the use of metal catalyst, we can predict that the grown nanowires do not 
follow the VLS mechanism rather the VS mechanism. The SEM image also shows high 
density of nanowires on each seed which is an indication to the high yield of nanowires. 
Figure 4.3 shows high magnification of the nanowires. The nanowires show considerably 
uniform surfaces with less surface defects. However, the curvature observed on some of 
the wires could be due to electron charge effects or shaking of the sample while taking the 
measurement.  
 
 
        
 Figure 4.2-Typical SEM image showing the distribution of ZnO nanowires on a single 
seed. 
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  Figure 4.3-High magnification SEM image of ZnO nanowires. 
 
The growth of ZnO nanostructures by vapour deposition in a tube furnace is typically 
affected by several factors including temperatures of the source material and the substrate, 
the distance between the source and substrate, the gas flow rate, deposition pressure, tube 
diameter and starting materials [5,9,12]. These factors affect the growth in deferent ways. 
For instance, the substrate temperature can determine the length of surface diffusion of the 
adsorbed species as well as the amount of vapour required for condensation. Similarly, the 
deposition pressure affects the supersaturation level of the vapour, and this determines the 
type of growth to occur as bulk or nanostructure [12,27]. In this regard, the ambient 
pressure processing has the advantage of excluding effect of deposition pressure. The 
distance between the substrate and source material also affects the zinc partial pressure 
during the reaction process for the growth of ZnO nanostructures [9]. Increasing the 
distance between source material and substrate decreases the vapour pressure and 
concentration of the reactant at the substrate position. This can affect the shape and size of 
the deposited structure. The growth process in our synthesis setup was enhanced by 
creating sharp temperature gradient between the source material and substrate (over short 
distance), which was assured by keeping the alumina tube on the substrate side open to air. 
Furthermore, the sprinkled zinc powder on the substrate has facilitated the growth by 
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contributing to the vapour concentration which leads to the bulk growth observed at the 
base of ZnO nanowires. 
  
4.1.2. X-ray diffraction (XRD)  
XRD is an important characterization technique that has long been used to address issues 
related to crystal structure of solids including lattice constants and geometry, identification 
of unknown material, orientation of single crystals, preferred orientation of polycrystals, 
defects, stresses etc [27]. In XRD, when a collimated beam of x-ray strikes the sample, it 
can be diffracted by the crystalline phase in the sample according to the Bragg law: 
 
    λθ nd =sin2 ……………………………………………………………… (4.1) 
 
where d  is spacing between atomic planes in a crystalline phase, λ  is wavelength of x-ray 
and n  is the order of Bragg corresponding reflection. Thus, the intensity of the diffracted 
X-ray as a function of the diffraction angle )2( θ  is measured. This diffraction pattern is 
used to identify the specimen’s crystalline phases and to measure its structural properties.  
The interplanar spacing of the ).( lhk  plane in a wurtzite hexagonal structure can be related 
to the lattice constants c  and a  by [30]: 
 
      ( ) 2222234
1
c
lhkkh
a
dhkl
+++
=  ………………………………………………. (4.2)  
 
In this work, the phase and crystalline structure of as-synthesized ZnO nanowires was 
identified by Philips X'Pert MPD X-ray diffractometer which was operated at 40 kV and 
50 mA to generate αKCu  radiation of 5406.1=λ Å and 54443.1 Å.  
 
4.1.2.1 Results and discussion 
 
Figure 4.4 shows a typical XRD pattern of the as-grown nanowires. Six diffraction peaks 
corresponding to ZnO at θ2  of 31.85º, 34.53º, 36.30º, 47.78º, 56.71º, and 63.18º indexed 
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as )0110( , )0002( , )1110( , )2110( , )0211(  and )3110( , respectively were observed. These 
diffraction peaks are similar to the indexed peaks of wurtzite hexagonal phase  bulk ZnO  
as reported in JCPDS card (No. 36-1451), indicating that the as-grown nanowires have 
wurtizite hexagonal structure. The XRD result can also suggest that the nanowires are 
randomly oriented which is in agreement with the observed SEM image. 
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Figure 4.4-Typical XRD pattern of the as-grown ZnO nanowires. 
 
In addition to the diffraction peaks of ZnO, intensive peaks corresponding to the substrate 
were also observed as indicated on the spectrum. The dominance of these peaks is due to 
the fact that XRD is taken from large area of the substrate surface, which is not uniformly 
covered with ZnO as can be seen from the SEM image. The absence of other diffraction 
peaks corresponding to unreacted Zinc or other crystal phases apart from the substrate is an 
indication to good crystallinity of the nanowires. 
 
The lattice constants a  and c  of the as-grown ZnO sample can be calculated from the 
observed XRD pattern using the Bragg law and equation 4.2. From the peaks of 
ZnO )0211(  at 56.71º and ZnO )0002(  at 34.53º with full width half maximum (FWHM) of 
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0.16 and 0.2, respectively, the lattice constants are deduced to be nma 3250.0=  and 
nmc 5206.0= . A comparison with lattice constants of bulk ZnO ( nma 3249.0=  and 
nmc 5206.0= ) [13] show that the as-grown sample is nearly free of homogenous strain. 
Moreover, the absence of broadening in the diffraction peaks confirms that the nanowires 
are free of inhomogeneous strain which usually originates from point defects and poor 
crystallinity [27]. The SEM image showed that the nucleation and growth of the nanowires 
did not occur directly on the substrate heterogeneously, rather on the bulk ZnO at the base. 
This avoids the lattice strain normally associated with lattice mismatch between ZnO and 
the alumina substrate. The in-plain lattice strain has been observed for ZnO nanorods 
grown on AlN [31].  
4.2 Optical characterization 
Optical spectroscopy has been widely used for characterization of nanomaterials. These 
techniques can be generally categorized into two main groups: absorption and emission 
spectroscopy and vibrational spectroscopy [27]. The former determines the electronic 
structure through excitation and relaxation of electrons while the latter provides structural 
information through vibrational excitation and phonon scattering. In this study, optical 
properties of the as-grown nanowires were investigated using steady state 
Photoluminescence and Raman scattering including micro-photoluminescence and micro-
Raman characterization. 
4.2.1 Raman spectroscopy  
Raman spectroscopy has been established among the optical methods as fast, sensitive and 
non-destructive method for investigation of the crystallinity and homogeneity of materials 
as well as its electronic properties [32]. It can provide structural information such as, 
crystalline quality, layer orientation, and stress of semiconductor nanostructures. The 
presence of phonon peak in the Raman spectra depends on the selection rules which can be 
established from symmetry considerations. Therefore, with the application of this 
symmetry selection rules, one can identify the lattice structure as well as orientation using 
different scattering geometries and polarization.  The selection rule for Raman scattering of 
wurtzite crystals including ZnO is shown in table 4.1.  
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Table 4.1-Raman selection rule for wurtzite-type crystals [32]. 
 
Phonon wave 
vector )(q  
 
Geometry 
 
Parallel (HH) 
Polarization 
 
Crossed (VH) 
polarization 
cq ˆ//  Backscattering 21 ),( ELOA  2E  
cq ˆ⊥  Backscattering 21 ),( ETOA  )(1 TOE  
 90º scattering 2E  )(),( 11 LOETOE  
 
4.2.1.1 Experimental description 
Vibrational properties of the as-grown nanowires were investigated using both nonresonant 
and UV resonant Raman scattering. The nonresonant Raman spectroscopy measurements 
were carried out with a Jobin Yvon T6400 micro-Raman system consisting of double 
monochromator in a subtractive configuration. An Ar+ laser (514.5 nm) was used as 
excitation source. The light from the sample was collected using Olympus optical 
microscope with 100x objective which gives a resolution of 1 cm-1. The spectra were then 
recorded using liquid nitrogen-cooled spectrum One CCD detector. In the resonant Raman 
scattering, He-Cd laser (325 nm) was used to excite the sample and the spectrum was 
analysed in backscattering geometry using Horiba (Jobin-Yvon HR 800) micro-Raman 
spectrometer with 2400 grooves/mm gratings. All spectral measurements were taken at 
room temperature. 
 
4.2.1.2 Results and discussion 
Figure 4.5 shows the typical Raman spectrum of ZnO nanowires measured with the 514.5 
nm laser line excitation source. The remarkable peak at 436.8 cm-1 is assigned to the 
)(2 highE  mode of ZnO while the relatively weak peak at ~580 cm
-1 results from the polar 
symmetry )(1 LOE  phonon mode. The two short peaks observed at 330.2 cm
-1 and 379.6 
cm-1 are attributed to the LH EE 22 − (multi-phonon) and )(1 TOA  modes, respectively [12]. 
The presence of the high intensity and sharp )(2 highE  mode confirms that the synthesized 
nanowires have wurtzite hexagonal structure with good crystalline quality.  
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In backscattering geometry, the )(1 LOE  mode is theoretically forbidden according to the 
Raman selection rule. Nevertheless, it can be still visible if the incident direction of the 
excitation laser light with respect to the crystal axis is not well defined in the use of the 
focusing lens for micro-Raman measurement. The misalignment of the nanowires has been 
also proposed for the appearance of this phonon mode in the backscattering geometry 
[10,12]. The SEM observation and XRD pattern showed that the nanowires are not well 
aligned, and hence the possibility of observing the )(1 LOE  mode.  
100 200 300 400 500 600 700
10
11
12
13
14
15
16
 
 
Laser:514.5 nm
In
te
ns
ity
 (a
.u
)
Raman shift (cm-1)
436.8
58037
9.
6
33
0.
2
 
Figure 4.5-Typical off-resonant Raman spectra of as-grown nanowires taken under 
accumulation time of 100s. 
 
The peak at 436.8 cm-1 which corresponds to )(2 highE  mode is shifted to lower frequency 
by ~3 cm-1 as compared to the bulk ZnO. Three possible mechanisms have been proposed 
for the phonon peak shift and line width broadening in Raman spectra of nanostructures 
including nanowires [33]: the phonon confinement effect due to nanosized of the material, 
phonon localization by defects or impurities, and lattice strains. Considering the high 
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sensitivity of )(2 highE  mode to a stress, the observed slight redshift of this peak could be 
due to lattice strain.  
The vibrational properties of the nanowires were also further investigated using UV 
resonant Raman scattering. Typical spectrum taken with 40s accumulation time from ~1.5 
mm spot diameter is shown in figure 4.6. Two major bands, centred at 570 cm-1 and 1145 
cm-1 with band widths of 19.2 cm-1 and 32.8 cm-1, respectively were observed. These bands 
are attributed to the first and second order scattering of LO phonon modes in ZnO. 
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Figure 4.6-Resonant Raman spectrum of ZnO nanowires obtained using He-Cd (325 nm) 
laser line excitation at room temperature. 
 
In resonant Raman scattering, the exciting photon energy is in resonant with the electronic 
interband transition energy of the wurtzite hexagonal phase ZnO, and the polar symmetry 
makes the LO phonons to be the dominant modes. According to the Raman selection rule 
for wurtzite crystals the LO line could be 1A  or 1E  mode, whose frequencies are different 
by 110 −≈ cm , depending on the scattering geometry. However, these two modes can not be 
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distinguished due to the random alignment of the nanowires which makes the sample 
isotropic. Therefore, the first-order (1LO) Raman mode observed at 570 cm-1 can be 
attributed to the superposition of the polar symmetry modes )(1 LOA  and )(1 LOE , and their 
overtones. 
 
 In bulk ZnO, the )(1 LOA  phonon mode peaks at ~574 cm
-1 while )(1 LOE  is observed at 
~585 cm-1 [17,34]. Accordingly, the 1LO-phonon frequency should be between ~574 cm-1 
and ~585 cm-1. But, the observed 1LO-phonon is shifted to lower frequency with peak at 
570 cm-1. This shift can be explained as follows. Phonon eigenstates in an ideal crystal are 
plane waves due to the infinite correlation length and therefore, the 0~q  momentum 
selection rule of the first-order Raman spectrum can be satisfied. In the contrary, for 
nanostructures with dimensions in the nanometre scale, momentum selection rule is 
relaxed allowing the participation of phonons away from the center of the first Brillouin-
zone. This gives rise to redshift and asymmetric broadening of the Raman peaks in 
nanostructures compared to the bulk crystals [17]. As a consequence, phonon modes of 
nanostructures including nanowires show discrete spectrum of frequencies different from 
those of bulk phonons. The observed redshift in the LO phonon peak of the nanowires can 
also be attributed to the intense local heating induced by the UV laser. This phenomenon 
has been proved for ZnO nanocrystals with average diameter of 20 nm [17].  
 
The line widths of 1LO and 2LO scatterings for our ZnO nanowires can not be explained 
by the equation, )(9)( 1−= cmnnLOσ  which has been theoretically predicted for bulk ZnO 
[35]. The origin of this broadening has been ascribed to various sources such as, spatial 
confinement of phonons, lattice strain, and localization of phonons by defects [17,33]. The 
XRD result showed that the nanowires are nearly strain-free. This is an indication for the 
observed phonon line width broadening to be unlikely due to the lattice strain. Therefore, 
the broadening of the LO phonon bands is more likely due to the confinement of phonons 
in the nanowires which allows the participation of phonons away from the centre of 
Brillouin zone. A similar line width broadening effect has been observed in ZnO nanowires 
epitaxially grown on GaN buffer layer and m-sapphire substrate [36,37],  and attributed to 
phonon confinement.  
                        Growth, Structural and Optical Characterization of ZnO Nanowires            
 36
4.2.2. Photoluminescence  
Luminescence refers to all types of emission appearing as consequence of some external 
excitation, except incandescent emission [18]. Depending on the source of excitation, 
luminescence is classified as photoluminescence (PL) with light excitation, 
cathodoluminescence (CL) with electron beam excitation, electroluminescence with 
electric field excitation source, chemoluminescence as result of chemical reaction, and so 
on. The photon emission of a semiconductor is the direct result of electron transition from 
higher energy level to lower energy levels. Thus, information about the electronic structure 
of semiconductor could be obtained from the analysis of the luminescence spectra. 
4.2.2.1 Basic principles of PL  
When electrons are excited across the bandgap of a semiconductor by means of excitation 
with photon energy gEh ≥ν , they move into the allowed excited state in the conduction 
band. These excited electrons may move freely, or correlated with the holes via coulomb 
interaction as pseudo-particles called excitons, until they recombine. When these electrons 
return to their equilibrium state, the excess energy is released either as light (a radiative 
process) or by non-radiative process, as conversion into lattice phonons. In spectroscopy, 
the spectral distribution of the emitted photons is referred as emission spectrum. 
The emission spectrum is related to the energy difference between the two electron levels 
involved in the transition, i.e., between the excited and ground states. The intensity of the 
emitted light is related to the quantum efficiency, excitation power density and absorption 
of the exciting light. Increasing the excitation power density increases the number of 
photons, and therefore the number of photoexcited electrons. As radiative emission is not 
the only mechanism by which the electrons in the excited state can drop down to the 
ground state, the quantum efficiency is the relative contribution of the radiative process to 
the total energy released (radiative and non-radiative). The electronic states of the atoms or 
molecules in a solid are strongly coupled to the vibrational modes of the crystal through 
the vibronic interaction. This has effect on the absorption and emission spectrum. 
Therefore, it is important to have some general idea of recombination dynamics as well as 
electronic-vibrational interaction before dealing with the recombination channels leading 
to radiative transitions in ZnO.   
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4.2.2.2 Recombination dynamics  
Electrons in an excited state can relax to the ground state through either radiative or non-
radiative transitions. In non-radiative transition, the electron may lose its excitation energy 
as heat by emitting phonons or, may transfer the energy to impurities/defects.  
The spontaneous emission rate for radiative transition between two electronic energy level 
depends on the population (N) of the excited state at time, t. This relation is given as [38]: 
 
              AN
dt
dN
rad −=)( …………………………………………….…….. (4.3) 
This leads to; 
 
   ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
R
tNtN τexp)0()( ………………………………………………….. (4.4) 
 
where 
AR
1=τ  is the life time of the radiative transition and A  is the Einstein coefficient. 
The luminescence efficiency, which depends on the relative contribution of radiative and 
non-radiative process, can be calculated by writing down the rate equation for the 
population of the excited state when non-radiative transition is possible. 
 
    
NRRtotal
NN
dt
dN
ττ −
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⎞⎜⎝
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Therefore, the luminescence efficiency Rη is given by the ratio of equation (4.3) and (4.5) 
as:  
     
NRR
R ττη += 1
1   ……………………………………………………  (4.6) 
 
 
On the other hand, non-radiative transitions are thermally activated and the equilibrium 
transition rate using the classical Mott model is given by:  
 
      ⎟⎟⎠
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where 0W  is the non-radiative transition rate at T= 0K, and aE  is the activation energy of 
non-radiative recombination. 
Therefore, the luminescence efficiency can be defined as: 
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Moreover, the efficiency and the PL intensity can be related by the expression [23]: 
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Setting the quantum efficiency at low temperature to unity, the temperature dependency of 
emission intensity can be expressed as: 
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where 
RW
Wa 0=  is the ratio of non-radiative (T = 0K) and radiative transition probability . 
 In general, the temperature dependency of PL intensity involving i  non-radiative 
recombination channels is given by: 
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In this way, the temperature dependence of the intensity of various transition lines can be 
used to identify the activation energies of the center involved in the quenching mechanism. 
4.2.2.3 Radiative transition and vibrational coupling  
The optical transition involving the coupling of vibrational (phonon) modes and electronic 
levels can be understood by invoking the Frank-Condon principle. This states that 
electronic transitions take place so rapidly that the nuclei do not move significantly during 
                        Growth, Structural and Optical Characterization of ZnO Nanowires            
 39
transition. The principle follows from the Born-Oppenheimer approximation, which states 
that the electronic and nuclear motions are independent, and one can draw the electronic 
energy as a function of internuclear separation. The approximation bases on the fact that 
the nuclei are much heavier than the electrons, and move on a far slower time scale. The 
vibrational motion is described in terms of the normal modes of the coupled system. These 
vibrational modes are represented by a generalized coordinate Q, which has the dimension 
of length. The Born-Oppenheimer approximation thus allows us to produce configuration 
coordinate diagram (CCD) in which we plot the electronic energy as a function of Q. 
Figure 4.7  shows a typical CCD diagram for two electronic states aψ  and bψ of a vibronic 
system. The optical transitions are indicated by vertical line as prescribed by Frank-
Condon principle. Since the electron-lattice coupling of the two electronic states may 
differ, their equilibrium positions generally occur at different values of configuration 
coordinate. 
Assuming the same vibrational frequency for the two electronic states aψ  and bψ , the 
ionic potential energy of the states can be given as [39]: 
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where the dimensionless constant )()( 0
'
0
2
1
QQMA −= h
ω  characterizes the difference in 
electron-lattice coupling between electronic states a  and b , M  is the effective mass of 
the mode and abE  is the energy separation between the excited state (a) and ground state 
(b) potentials at 0QQ = .  
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Figure 4.7-CCD diagram for the ground and excited electronic states of a vibronic solid. 
The optical transitions are indicated by the vertical arrows. The right hand side of the 
figure shows the general shape of absorption and emission spectra that would be expected 
[38]. 
 
For electronic-vibrational state ma,  in the ground state and electronic-vibrational state 
nb,  in the excited state, the complete set of wave functions can be written in linear 
combination as ),(),()(),( nQrandmQr bbaa χψχψ  respectively where r  is the electron 
coordinate. Moreover, the quantum mechanical solutions for the vibrational states )(maχ  
and )(nbχ  are harmonic oscillator wave functions with eigenvalues given by: 
 
     ωεωε hh )
2
1()()
2
1()( +=+= nnandmm ba    …………………………. (4.13) 
 
The parameter A , which characterizes the difference in electron- lattice coupling, can be 
also replaced by another dimensionless constant, Haung-Rhys parameter (S) as [39]: 
 
aψ
bψ  
     Edis 
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where disE  is the measure of the difference in electronic-vibrational coupling strength at 
the electronic states aψ and bψ   as defined in figure 4.7.   
Therefore, the absorption and emission transitions between electronic states a  and b  can 
be analysed using this configurational coordinate. Accordingly, the absorption spectra can 
be given by: 
 
ωωω hhh nEnSEE abn +=+−= 0)( ……………………………………  (4.15) 
 
where 0E  is the zero phonon line (ZPL) which corresponds to transition between zero 
vibrational levels of both initial and final states. The spectrum is peaked at n ~ S, which 
corresponds to abE  as shown in figure 4.7. The corresponding emission spectrum also 
shows transition at: 
 
               ωhmEEm −= 0 ………………………………………………….. (4.16) 
 
From equation (4.15) and (4.16), one can deduce that absorption transition begins in the 
lowest vibrational level of the ground state, while the emission line starts at the lowest 
vibrational level of the excited state. This gives rise to vibronic absorption and emission 
bands as shown in the right side of figure 4.7.  
The intensity as well as band shape of the absorption and emission spectrum depends on 
the value of S .This dependence can be derived by considering the transition probability 
between the two electronic sates. The optical transition probability is proportional to the 
square of the matrix element of the wave functions as: 
 
2
)(),()(),(~ >< mQrnQrW aabb χψμχψ …………………………………….. (4.17) 
 
where the integration is over the electronic and vibrational coordinate and μ  is the 
appropriate dipole operator ( electric, magnetic ). 
In the Condon approximation the electronic dipole moment is independent of the nuclear 
coordinate. Thus, the matrix element can be factorized as: 
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 where abP  is the purely electronic transition probability and is the same for all vibrational 
transition states nm, . Therefore, the relative values of the transition probabilities depend 
on the squares of the vibrational overlap integrals. Although the two vibrational states are 
similar set of harmonic oscillator function, their values are defined with respect to different 
zeros of the coordinate Q. Therefore, the overlap integrals are in general not zero. 
The overlap between displaced harmonic oscillator wave function is given by [39]: 
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where mnmL
− are associated Laguerre polynomials of which 1)(0 =xLm . 
Substituting for ,A  the normalized transition probability is then given by: 
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At absolute zero temperature, only the 0=m  vibrational state is occupied leading to 
1)(0 =SLn . The transition probability to the nth level of excited state thus becomes;   
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n
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n
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The various transitions between the electronic states could involve different values of 
Huang-Rhys parameter, S , and this value determines the band shape and width in the 
emission and absorption spectra. Moreover, the relative intensity of the mth phonon replica 
)( mI  is related to the zero-phonon peak )( 0I  by the S factor as ( )Sm
SII
m
m −= exp!0 . This 
can be used estimate the S factor, which determines the coupling strength of exciton to 
phonon, from the PL spectra.  
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4.2.2.4 Photoluminescence of ZnO 
 
ZnO has been known to be a luminescent material for century. Optical properties of a 
various forms of ZnO, including ZnO nanostructures have been studied by 
photoluminescence. Room temperature PL spectra of ZnO typically consist of UV 
emission band and possibly one or more visible emission bands due to defects and/or 
impurities. The near UV-band is closely related to the excitonic nature of the material and 
may be superposed with the free exciton and its phonon replica, bound exciton emission as 
well as biexciton emission [5,13]. This band is split into several emission lines at low 
temperature, mainly at temperature as low as a few degree of absolute temperature. Low 
temperature PL measurements of bulk ZnO as well as different nanostructures such as, 
nanoparticles, nanowires, faceted nanorods, nanosheets have been reported in literature 
[5,17].  
According to earlier reports in literature, the PL spectra of bulk ZnO in the near band-edge 
region has been categorized into seven regions as: free excitons (FE), excitons bound to 
ionized donors (D+X), excitons bound to neutral donors (D0X), excitons bound to neutral 
acceptors (A0X), exciton complexes (EC) with deep centres, two-electron transition, and 
phonon replica region [29,40]. The typical energy positions corresponding to these 
transitions are labelled on a typical spectrum of ZnO film shown in figure 4.8.  
The recombining electrons and holes in a semiconductor usually interact through a 
coulomb force which leads to the formation of excitons. Owing to this, the band to band 
transition is hardly detected in PL, and the spectra are dominated by excitonic emissions.   
The luminescence energy corresponding to free exciton emission is given by: 
 
  bexgFX ETEE −= )( ……………………………………………………. (4.22) 
where, bexE is the binding energy of free exciton.  
The temperature dependency of the exciton peak position shows approximately the same 
behaviour as the bandgap. As stated earlier, the valence band in hexagonal wurtzite 
structures near 0=k  splits into three separate bands labelled as A, B, and C, whose 
relative positions are determined by the combination of spin-orbit coupling and axial 
crystal field strength. It has been identified that the hole effective mass in ZnO is nearly 
isotropic and similar for the A, B and C valance bands, and hence the effective electron-
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hole pair mass is determined by the electron mass [16]. Therefore, assuming that the 
binding energy of the A, B, and C excitons are nearly equal the difference in the observed 
exciton peaks due to transitions from the A, B, and C bands can be used to determine the 
splitting of the valence band. The energy separation between the three valence band energy 
levels of ZnO has been reported as meVEAB 9.4≈ and meVEBC 44≈  [20] though there is 
slight variation in different reports. 
 
 
Figure 4.8-Low temperature PL spectrum of as-grown ZnO film in the band-edge region 
[40 with slight modification]. 
 
In a similar way as free carriers can be bound to point defects, excitons also tend to 
localize near neutral or ionized impurity/defect, and hence form exciton complexes. The 
energy with which the exciton is bound to donor or acceptor level is denoted by locE . Thus, 
the emission corresponding to the bound exciton becomes: 
 
         loc
b
exgBx EETEE −−= )( …………………………………………. (4.23) 
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It has been observed that the localization energy of exciton is highest for XA0 , lower for 
XD0  and still lower for XD+  [19]. On the other hand, ionized acceptors do not usually 
bind an exciton since a neutral acceptor and free electron are energetically more 
favourable.  
The binding energy of the exciton to the complex depends on the chemical nature of the 
complex and on the surroundings, leading in high resolution spectroscopy to the splitting 
of the bound exciton lines. The complex (defect) center to which the excitons are bound 
can be foreign impurities or native defects.  Low temperature PL spectra of high quality 
ZnO is usually dominated by several bound exciton emission lines (labelled as I0-I11) 
which correspond to neutral/ionized bound excitons. In nanostructures, these lines usually 
inhomogenously broaden and can not be clearly resolved [5]. The fine structures in the 
near band-edge region of intentionally undoped ZnO has been analysed by several authors 
[5,13,41]. A typical low temperature PL spectrum of ZnO sample exhibiting a number of 
bound-exciton peaks is shown in figure 4.9. Detail explanation of the observed peaks can 
be found in reference [5,13]. 
 
 
Figure 4.9-Bound exciton region of 10K PL spectrum for the forming gas annealed ZnO 
substrate [5]. 
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The bound exciton complexes may have a certain excited states due to the various mutual 
arrangements and envelope functions of the two electrons (holes) and the hole (electron) in 
the )( 00 XAXD complex [19]. Moreover, recombination of exciton bound to a given center 
can be followed by ionization of the center. For instance, during recombination of an 
exciton bound to a neutral donor in ZnO, the donor final state can be 1s state 
(normal XD0 line) or the 2s, 2p state called as two-electron satellite (TES line) (see 
fig.4.8). In a simple hydrogen-like effective mass approach (EMA) the energy separation 
between n = 1 and n = 2 states would be ¾ of the donor binding energy )( DE . Accordingly, 
the splitting of the excited states can be correlated to the energetic distance of TES lines 
from their respective bound exciton lines and the donor binding energies as [20,42]:  
 
     )( )2()1(0 pDsDXDTES EEEE −−= …………………………………. (4.24) 
With DpDsD EEE 4
3
)2()1( =−  
Therefore, the determination of TES position with respect to the donor bound exciton 
peaks in the PL spectra can be used to estimate the donor binding energies.  Moreover, the 
localization energy of exciton is linearly related to the binding energy )( DE  of the defect 
center according to Haynes rule as [42]: 
 
        Dloc bEE = ……………..……………………………….. ………….. (4.25) 
More generally, this equation can be written as: 
 
    Dloc bEaE += ………………………………………………………….  (4.26) 
 
 where a  and b  are constants to be determined from experiment and depends on the type 
of defect. This linear dependence of the exciton localization energy on the donor binding 
energy )( DE  has been clearly observed for ZnO [13, 42,43]. For instance, Meyer et al. 
[43] found the relation as meVEE Dloc 2.437.0 −=  for neutral donors and 
meVEE Dloc 235.0 −=  for ionized donors.  
The near band-edge low temperature PL spectra of ZnO can also contain the donor–
acceptor (DAP) transitions. When the wave function of an electron trapped at a donor 
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overlaps with the wave function of hole located at acceptor level they can recombine 
radiatively. After recombination a positive effective charge is left in the donor and a 
negative effective charge in the acceptor level. Thus, the final state is determined by the 
coulomb potential interaction between them (which is given by
R
e
πε4
2− ), where ε  is the 
dielectric constant of the crystal and R  is the distance between the donor and acceptor. 
Therefore, the photon resulting from the DAP recombination involving phonon emission is 
given by [19]: 
LODAgDAP mR
eEEEE ωπε h−+−−= 4
2
……………………………………..  (4.27) 
 
where, DE and AE  are the ionization energies of the neutral donor and acceptor, 
respectively, and the last term corresponds to the phonon replicas. 
The DAP emission strongly depends on the excitation intensity as well as temperature. 
With increasing the excitation intensity, the number of occupied donor and acceptor 
increases and their average distance R decreases. As a consequence, one finds that the 
emission maxima of the pair band shifts to blue with increasing excitation due to the 
coulomb term in the equation (4.27). Moreover, the DAP emission intensity decreases with 
increasing temperature since the impurity with smaller binding energy (most probably 
donor impurity) is ionized at higher temperature. 
 Another transition line observed in the near band-edge PL of ZnO is the LO phonon 
replica. In the low temperature PL spectra, the DAP and the LO phonon replicas of ZnO 
usually lies in the same energy region, and hence requires great care in assigning the peaks   
[5]. The LO phonon energy can be determined from the separation between the exciton 
peaks and their phonon replicas, and for ZnO it is found to be 71-73 meV [5].  
 
4.2.2.5 Description of PL measurement setup  
Photoluminescence (PL) characteristics of ZnO nanowires were measured using Ik Series 
He-Cd laser (325 nm) of 200 mW as the excitation source. A schematic diagram of the PL 
measurement setup is shown in figure 4.10.  A continuous wave excitation was provided 
by the laser. After passing through a narrow-band pass filter and an iris used to remove 
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both laser sidebands and stray light, the laser beam was focused on to the sample which is 
mounted in closed cycle helium cryostat. The generated light is collected in 45 º geometry 
by an array of lens system and then focused onto the entrance slit of Spex 1704 
monochromator equipped with 1200 mm-1 grating. The dispersed light is detected by 
cooled Hamamatsu R928 photomultiplier, and the emission spectrum as a function of 
wavelength is recorded. 
 
Figure 4.10-General view of the experimental setup for PL spectroscopy measurement.  
 
4.2.2.6 Results and discussion 
The PL spectra of the sample were studied both at low temperature (10K) and room 
temperature. In addition, the temperature dependence of near band-edge emission lines was 
studied in detail. 
Figure 4.11 shows the PL spectrum of as-grown ZnO nanowires at 10K over a broad range 
of wavelengths. The feature of the spectrum can be categorized into two regions: the fine 
structure emission lines in the near band-edge region and unstructured green emission band 
centred at ~ 2.4 eV. The latter has been extensively studied for its undesirable effects on 
carrier lifetime and UV emission efficiency, and it has been associated with excess Zn, 
PL 
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oxygen vacancy, or surface state emission [44,45]. Among these factors, the singly ionized 
oxygen vacancy was found to play great role for green emission band [12,33,45]. 
Moreover, three models have been proposed to correlate the green emission with the singly 
ionized oxygen vacancy )( 1+OV . Accordingly, the green emission results from:  
(i) radiative recombination of the photo-generated hole with the electron which 
belongs to the singly ionized oxygen vacancy,  
(ii)  recombination of a conduction band electron with doubly ionized oxygen 
vacancy )( 2+OV  centres, where the recombination center )(
2+
OV  can be created 
when singly ionized oxygen vacancy traps a hole, and  
(iii) donor to acceptor transition mechanism (DAP), where the donor and acceptor 
are assumed to be singly ionized oxygen vacancy )( 1+OV and zinc vacancy )(
2−
ZnV , 
respectively.  
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Figure 4.11-PL spectra of the as-grown nanowires at 10K over broad range of wavelength 
obtained with above bandgap excitation. 
 
In addition to the intrinsic defects, there has been an argument that impurities like Cu 
are also responsible for the green emission band [5,46 and references therein]. 
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Furthermore, it has been reported that the green band related to intrinsic defects are 
unstructured while structured green band emissions are observed for Cu impurities [47]. 
Accordingly, the unstructured nature of the observed green emission suggests that it is 
likely due to the intrinsic defects. Nevertheless, there is no consensus in literature about the 
chemical nature of the defect responsible for the green emission, and it has not yet been 
conclusively identified. 
The ratio between the PL intensity of the excitonic recombination and the deep level 
emission is usually identified as a measure of the optical quality of the sample. Moreover, 
the higher structured near band-edge recombination (figure 4.11 and 4.12) indicates a good 
crystallinity of the nanowires. This is in agreement with the XRD and Raman scattering 
results. 
 
Figure 4.12 shows high resolution near band-edge PL spectrum of the as-grown sample 
obtained at 10K. The inset shows the details of PL features related to various exciton (zero-
phonon) emissions. As commonly observed in ZnO, the spectrum is dominated by 
radiative decays from bound exciton complexes with the strongest peak at 3.369 eV. 
According to the energy position and convention for PL spectra of bulk ZnO, this peak 
corresponds to a neutral donor bound exciton )( 0 XD emission line [40]. In addition, the 
second high intensity peak observed at 3.374 eV also lies in the ionized donor bound 
exciton )( XD+  emission region. However, similar peaks have been assigned to different 
origin in various reports. For instance, in bulk ZnO, Teke et al. [13] assigned the 
recombination line at 3.3686 eV to rotational excited states of neutral donor bound exciton. 
Recently, Meyer et al. [43] based on magneto-optical experiments suggested that the two 
emission lines at 3.3689 eV and 3.374 eV correspond to ionized donor bound exciton. On 
the other hand, a peak at 3.37 eV was observed in PL spectra of ZnO nanowires grown on 
alumina by the VLS mechanism and assigned to neutral donor bound exciton [44]. Another 
peak at 3.376 eV has been also observed in low temperature (10K) PL spectra of single 
crystal ZnO nanorods grown on sapphire and attributed to free exciton emissions [48]. The 
controversy in the assignment of these peaks could be partially due to variations in sample 
quality which also depends on the synthesis condition. Therefore, careful analysis of these 
emission lines is required in order to obtain intrinsic properties of the nanowires. The 
various emission lines arising from radiative decay of excitons evolves in a different way 
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with temperature, and hence the temperature dependent PL measurement can be used to 
identify the different excitonic emission lines.  
Detailed temperature dependent analysis of the PL spectrum of the nanowires in the near 
band-edge region revealed that the peak at 3.369 eV is ascribed to donor bound exciton 
)( 0 XD  while the peak at 3.374 eV is more likely attributed to the free exciton (FXA) line. 
The broadening of the FXA emission line as shown in the inset of figure 4.12 is due to 
overlapping with the relatively weak donor bound exciton emission lines in the region. The 
temperature evolution of these peaks will be discussed later. A small hump at 3.383 eV on 
the high energy side of FXA could be attributed to free exciton B (FXB) or excited state of 
FXA (n=2). However, the energy separation between this line and the FXA lies in the 
range of previously reported energy gap of FXA and FXB [13,22]. Therefore, the peak can 
be tentatively assigned to FXB. 
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Figure 4.12-High resolution low temperature (10K) PL spectrum of the as-grown ZnO 
nanowires in the near band-edge region obtained using 325 nm laser excitation. The inset 
shows high resolution of the excitonic emission region. 
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In addition to the near band-edge exciton emissions (zero-phonon line), a series of PL 
spectral features could be observed between 3.336 and 3.304 eV as shown in figure (4.12). 
The peak at 3.321 eV next in intensity to the 3.374 eV line is commonly observed in PL 
spectra of ZnO. Different radiative recombination channels have been considered as the 
origin of this band including, phonon replica and two-electron satellite (TES) of donor 
bound exciton [5,20]. If we consider the energy gap between the observed exciton 
emission lines, the distance of 3.374 eV and 3.369 eV line from the 3.321 eV line is 53 
meV and 48 meV, respectively. These energies are substantially smaller than the energy of 
longitudinal optical phonon in ZnO, which lies in the range of 70-73 meV [5,40]. This 
signifies that the line at 3.321 eV can not be assigned as LO phonon replica of the emission 
line at 3.374 eV or 3.369 eV. Therefore, based on the energy separation and the observed 
temperature dependence, it is more likely for this line to be the two-electron satellite (TES) 
of the neutral donor bound exciton at 3.369 eV. As stated earlier, the two-electron 
transition corresponds to the radiative recombination of donor bound excitons which leaves 
the donor in an excited state. Assuming that the excited states are hydrogenic, the energy 
separation between 3.369 eV and the TES line, 48 meV, can be used to estimate the donor 
binding energy as 64 meV. Furthermore, using Haynes rule and the relation obtained by 
Meyer et al. [43] for neutral donor bound exciton in ZnO )2.437.0( meVEE Dloc −=  the 
exciton localization energy can be estimated as 19.48 meV. This value of exciton 
localization energy is in the same order with the energy difference between the FXB and 
XD0  line. However, the PL data is not sufficient to identify the chemical nature of the 
associated impurity. It could be due to extrinsic impurity contamination or intrinsic defects 
taking the shallow donor energy levels. 
In figure 4.12, a shoulder seen at 3.304 eV on the low energy side of the TES peak is 
located at 70 meV from the excitonic emission line at 3.374 eV. Based on the energy 
separation, this peak can be attributed to the LO phonon replica of FXA line which results 
from the simultaneous emission of photons and phonons in the annihilation process of free 
excitons. On the other hand, phonon replica of the FXB is not clearly observed due to 
overlapping with the TES line. Another broad peak at 3.247 eV can be assigned to the 
donor-acceptor pair (DAP) transition commonly observed in bulk ZnO. In a DAP 
transition, the transition energy depends on the donor-acceptor distance (equation 4.27), 
and it is very unlikely that the distance is the same for all pairs. Thus, we expect a broad 
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PL peak corresponding to this transition, which is clearly observed for the peak at 3.247 
eV. Finally, the peak at 3.336 eV is assigned to an exciton bounded to complex defects 
(e.g. Deep centres, and/or structural defects). It is close to the energy of 3.333 eV reported 
by Meyer et al. [20] for exciton bound to structural defects. 
4.2.2.6.1 Temperature dependence of PL  
In order to provide additional support for the peak assignments in the low temperature PL 
spectrum, the temperature evolution of the observed peaks were studied over a temperature 
range of 10K to room temperature. Figure 4.13 shows the temperature dependent near 
band-edge PL spectra in the range of 10-190K. The low temperature spectrum is 
dominated by the peak at 3.369 eV. This luminescence line becomes weaker with 
increasing temperature and eventually suppressed by the peak at 3.374 eV for temperature 
above 50K. For further illustration, the temperature variation of luminescence intensity for 
the excitonic emission lines in the low temperature region (10-100K) is shown in figure 
4.14. The observed relative change in intensity of the XD0  and FXA lines can be 
explained by the fact that XD0  line is replaced by the free exciton (FXA) line, due to the 
ionization of neutral donor bound excitons with increasing temperature. More precisely, 
the fast quenching of the peak at 3.369 eV relative to 3.374 eV signifies that the peak at 
3.374 eV is not attributed to bound exciton line, and hence supports the assignment of 
peaks at 3.369 eV and 3.374 eV to XD0  and FXA, respectively.  
 It is noted that the quenching of XD0  line is also followed by significant appearance of 
the peak at 3.383 eV, which was tentatively assigned to FXB. As the temperature increase, 
the FXB band becomes stronger in intensity relative to the FXA emission, and overtakes 
the FXA line for temperature above 70K. Moreover, the emission of this exciton line 
showed a shift to lower energy with increasing temperature and can bee seen up to room 
temperature, which supports the assignment of the peak at 3.383 eV to free exciton (FXB). 
Nevertheless, for temperatures above 190K, the convergence of free exciton, and coupling 
of the 1LO- phonon replica with the line broadening of each peaks has suppressed accurate 
determination of the free exciton peak position. Consequently, the room temperature peak 
should be considered as combination of these multiple peaks. Room temperature PL 
spectra will be discussed later. 
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In the lower temperature region (below 30K), the intensity of TES of XD0  follows the 
same trend as the XD0  line. Meanwhile, the peaks at 3.304 eV, 3.321 eV, and 3.336 eV as 
well as the LO phonon replicas of the FXB combine and results in broader emission band. 
In respective of the disappearance of FXA and XD0  line, the peak in the TES emission 
region is clearly observed up to 150K. This could be due to the contribution from the LO 
phonon replica of the FXB, which can survive to relatively higher temperature. The line 
width of the peak at 3.247 eV, which was assigned to the DAP emission, increases with 
temperature and can be observed until 80K. This broadening is due to overlapping of the 
DAP emission with the 2LO-phonon replica of the FXB.  
 
 
 
 
Figure 4.13-Temperature dependent PL spectra of ZnO nanowires measured with 325 nm 
laser excitation.  
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Figure 4.14-Temperature dependent PL peak intensities of the nanowires. The higher 
temperature region is omitted for clarity. 
 
 
Figure 4.15 shows the temperature variation of the excitonic peak positions assigned to FX 
and XD0 emission in the temperature range of 10-190K.  The free exciton emission lines 
show a non linear relationship and tend to shift to lower energy with increasing 
temperature. However, the neutral donor bound exciton line is negligibly shifted with 
temperature (for the observed temperature range).  The temperature dependence of the 
excitonic emission lines is related to the relative position variation between the conduction 
and valence bands due to the temperature-dependent dilatation of the lattice and the 
temperature-dependent electron-lattice interaction [22]. Therefore, by assuming that the 
energetic distance between the bandgap edge and exciton energy level is independent of 
temperature, the obtained data can be fitted using the well known Varshni formula 
(equation 2.1). For comparison, the temperature variations of the bandgap corresponding to 
)( 7ΓA and )( 9ΓB  degenerate valence bands are included in figure (4.15) as shown by open 
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and closed circles. These values are obtained by adding the corresponding exciton binding 
energy of 60.8 meV and 59.1 meV [22] to the experimental data for FXA and FXB, 
respectively. 
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   Figure 4.15-The energy bandgap and PL peak position as a function of temperature. 
 
The solid lines in figure 4.15 represent the curve plotted by the varshni equation and fits 
well with obtained data.  The best fit for the FX emission lines as well as the bandgap were 
obtained at KeV /105.2 4−×=α  and K90220 ±=β  for the constants in equation 2.1. 
With these fit parameters, the values of )0(E  corresponding to 0D X, FXA and FXB are 
estimated as 3.369 eV, 3.375 eV and 3.384 eV, respectively. Moreover, the bandgap 
energy )0(gE with reference to valence band A and B were estimated as 3.434 eV and 
3.443 eV, respectively. These values are in agreement with literature values reported for 
bulk ZnO as well as nanorods [10,22,49]. Moreover, the obtained values of the coefficients 
α  and β  in this work are in the range of previously reported literature values as shown in 
table 4.2.  
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Table 4.2-Coefficients for the temperature dependence of the exciton emissions and 
bandgap in various forms of ZnO (using Varshni equation). 
Sources α  (eV/K) β  (K) 
This work 2.5x10-4 220 90±  
Bulk ZnO [22] 5.7x10-4 420 
Single crystal ZnO[49] 1x10-3 900 
ZnO nanorods [10] 6x10-5  240 ± 40 
 
Despite the extensive studies of fundamental properties of luminescence in ZnO, the origin 
of the room temperature PL was among the challenging issues for several decades. 
Therefore, it is essential to present the room temperature PL of our nanowires as well. A 
typical room temperature micro-PL spectrum of the as-grown nanowires in the near band-
edge region is shown in Figure 4.16.  
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Figure 4.16-Typical room temperature micro-PL spectrum of as-grown ZnO nanowires 
measured using He-Cd (325 nm) laser excitation. 
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The spectrum exhibits a peak at 3.28 eV with line width of 49.4 meV. This peak is located 
at slightly higher energy than the previous reports for single crystalline ZnO nanorods [10]. 
Referring to the size distribution of the nanowires, the slight shift in energy could be due to 
little contribution from quantum confinement as presented for ZnO nanowires and 
nanorods in which the diameter exceeds 20 nm [44,48]. Nevertheless, the peak position at 
3.28 eV is quite less than the expected value of free exciton transition energy 3.31 eV, if 
the widely accepted room temperature bandgap of 3.37 eV and binding energy of 60 meV 
for ZnO is used. These clearly indicate that the optical transition process responsible for 
the near band-edge PL of the nanowires at room temperature is not only from free 
excitonic emission, rather a superposition of multiple peaks from free exciton and their 
phonon replicas as well as residual bound exciton emission. It can be also evidentially 
supported by the temperature evolution of the various emission lines arising from the 
radiative decay of various excitons and their phonon replica with temperature as shown in 
figure 4.13.  
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CHAPTER 5: Conclusions and future outlook 
 
5.1 Conclusions 
Zinc oxide, with direct bandgap (3.37 eV) at RT, high free exciton binding energy (60 
meV), and high thermal and mechanical stabilities has been recognized as a promising 
candidate for UV light emitters, transparent light power electronics, sensors, electro-
mechanical coupled devices, and so on. In addition, one-dimensional nanostructures 
including nanowires are ideal candidates for understanding fundamental phenomena in low 
dimensional systems as well as for developing new generation nanodevices with high 
performance. A variety of techniques such as, MOCVD, CVD, MBE, porous template 
method, Laser ablation, and thermal evaporation and condensation have been used to 
synthesise one dimensional nanostructures of ZnO. 
 
In this thesis, ZnO nanowires were synthesized on alumina substrate using a simple 
thermal evaporation method at ambient pressure without use metal catalysts. This 
technique has the advantage of simplicity, low cost, and less number of necessary 
apparatus than other techniques so far used for the synthesis of one-dimensional 
nanostructures. The as-synthesized nanowires were characterized structurally and optically 
using scanning electron microscopy, X-ray diffraction, Raman spectroscopy in resonant 
and nonresonant mode and photoluminescence.  
 
Based on the observed morphology of the as-grown sample, we suggested that the growth 
process is occurring in two steps. When the furnace is heated to the growth temperature, 
the vapour from zinc powder (melting point = 419.6ºC) in the boat is transferred to the 
substrate through the nitrogen carrier gas. Meanwhile, the vapour from sprinkled zinc 
powder on the substrate also increases. These results in high supersaturation which leads to 
the formation of the bulk ZnO observed at the base of nanowires. After bulk ZnO at the 
base is formed and the growth temperature is attained, zinc vapour comes only from the 
source in the boat at a constant rate and results in lower supersaturation. This decrease in 
supersaturation combined with the anisotropy in surface energy leads to growth of 
nanowires. The growth process in our synthesis setup (ambient pressure and catalyst-free) 
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was enhanced by creating sharp temperature gradient (over short distance) between the 
source material in the boat and the substrate. SEM observation of the as-grown nanowires 
reveals that no metal particles or other impurities were detected in the growth front of the 
nanowires. Therefore, we conclude that the growth of nanowires obtained in this synthesis 
is controlled by the vapor-solid (VS) method rather than the vapor-liquid-solid (VLS) 
mechanism, which is common in catalyst-assisted methods.  
 
The obtained XRD pattern of the as-grown sample is typically similar to the peaks indexed 
for wurtzite hexagonal phase of bulk ZnO. Moreover, except the peaks from the substrate 
no diffraction peaks corresponding to other phases such as unreacted Zn or other impurities 
were observed in XRD pattern. The nonresonant Raman spectra of as-grown nanowires 
exhibited sharp and intensive peak at 436.8 cm-1 corresponding to the Raman active 
)(2 highE  phonon mode of ZnO. The typical UV resonant Raman spectra of the nanowires 
also showed peaks at 570 cm-1 and 1145 cm-1 corresponding to the 1LO and 2LO phonon 
modes in ZnO. These XRD and Raman scattering measurement results confirmed that the 
as-grown nanowires exhibit wurtzite hexagonal phase with good crystal quality. 
 
 PL spectra of the nanowires were investigated both at low temperature and room 
temperature with above bandgap excitation. The low temperature (10K) PL showed fine 
structures in the near band-edge region and relatively week green emission band centred at 
~2.4 eV. The green band referred as deep-level emission has been associated with 
structural defects (dominant in bulk ZnO) and recombination at surface states (mainly in 
low-dimensional structures with increased surface to volume ratio). The observed weak 
deep-level emission band relative to the near band-edge emission is an indication of 
reduced deep defects in the nanowires.  
 
The near band-edge low temperature PL spectrum of the nanowires excited at 325 nm is 
dominated by sharp donor bound exciton emission at 3.369 eV. The free exciton emission 
line at 3.374 eV is also observed at low temperature. Moreover, the free exciton phonon 
replicas and the TES of donor bound exciton are observed in the range of 3.336-3.304 eV. 
The DAP emission band is observed at 3.247 eV. The optical data, mainly the observation 
of free exciton peak at low temperature (10K), strongly suggests that the nanowires are of 
                        Growth, Structural and Optical Characterization of ZnO Nanowires            
 61
high optical quality. It has been proposed that defect-induced PL peaks are more dominant 
for the nanowires with high aspect ratio than those of bulk materials. However, the result 
obtained for the nanowires demonstrated that low defect concentration is still achievable 
for nanoscale materials in spite of the unfavourable conditions. The high optical quality of 
the nanowires in this work apparently results from their catalyst-free growth which 
excludes possible incorporation of catalytic impurities. Moreover, the nanowires were 
grown at relatively low temperature ~618ºC. Therefore, considerable reduction of defect 
concentration might have ensured since defect concentration, in general decreases 
exponentially with decreasing growth temperature.  
 
The temperature dependent PL analysis of the nanowires showed that the free excitonic 
emission lines shift to lower energy with increasing temperature, and room temperature 
micro-PL spectrum showed a peak at 3.28 eV.  The peak is slightly shifted to lower energy 
than the expected value of 3.31eV if we consider the bandgap of 3.37 eV and free exciton 
binding energy of 60 meV. This leads to a conclusion that the room temperature UV 
emission of the nanowires involves a contribution from free exciton and their phonon 
replica as well as the residual emission from the bound exciton. 
 
5.2 Future outlook  
ZnO nanostructures have been demonstrated as promising candidates for applications in 
nanosized electronic, optical, sensor, and optoelectronic devices. Undoubtly, detailed 
understanding of the growth mechanism(s) of the nanostructures and controlling of the 
processing parameters is the key to the development of these nano-scale devices.  
 
Our result suggests that good crystal and optical quality ZnO nanowires can be synthesized 
on alumina substrate using a simple and cost effective thermal evaporation technique under 
ambient pressure without use of metal catalyst. However, the growth  process can be 
affected by several factors including carrier gas flow rate, oxygen availability, temperature, 
distance between source material and substrate, etc which needs to be optimized in order to 
synthesis the nanowires reproducibly in large scale. The growth process in this work was 
enhanced by creating sharp temperature gradient between the source material and substrate 
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(over short distance), which was assured by keeping the alumina tube on the substrate side 
open to air. However, it was challenging to persistently control the temperature gradient 
under this setup. This could be due to the variation in external atmosphere on the open side 
of alumina tube. For reproducible synthesis of the nanowires, improvements to the 
synthesis setup can be made by closing both side of the tube during the growth process and 
using cooling system on the substrate side which favour the sharp temperature gradient. On 
the other hand, this may require readjustment of the other parameters as well. 
 
 Low temperature PL of the as-synthesised nanowires reveal a fine structured near band-
edge emission lines with a relatively weak and broad green emission band. So far, there is 
no clear cut conclusion on the chemical nature of the center responsible for the green 
emission line as some attribute to the native defects such as oxygen vacancy and zinc 
interstitials while others assign to the copper impurity. Therefore, it is worthy to use other 
characterization techniques in addition to PL to understand the chemical nature of the 
centres responsible for this emission line. With this understanding it will be possible to 
control the introduction of the centres to the nanowires either during processing or by post 
treatment.  
 
ZnO is known to be host candidate for rare earth (RE) ions doping. The RE ions give 
fluorescence spectra with sharp lines in the visible or neighbouring spectral regions, which 
is an important property for optoelectronic applications. These ions can be introduced to 
ZnO nanowires using simultaneous evaporation of ZnO powder and RE metal (oxide) 
under our experimental procedure. Furthermore, ZnO is found to be promising host 
material for ferromagnetic doping. Therefore, one can also incorporate magnetic ions such 
as Mn, Co, Fe into ZnO nanowires by using the simple thermal evaporation technique. 
This will facilitate the use of magnetic ZnO nanowires for developing of spin based 
nanodevices.    
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Appendix 1- Structural and Optical properties of the alumina substrate 
 
Aluminium oxide has several different phases. The most stable one is 32OAl−α (sapphire). 
The Bravais lattice of sapphire is hexagonal close-packed (hcp) with lattice constants of 
nma 475.0=  and nmc 3.1=  [2]. Sapphire has a wide bandgap of 9.1eV at room 
temperature which enables the material to transmit light over wavelength range from 150 
nm to 5000 nm [50]. The melting point of sapphire is 2040ºC, and it has extremely high 
chemical stability even at higher temperature.  
The hexagonal structure of sapphire combined with its chemical stability makes the 
material to be the top choice of substrates for growth of other hexagonal materials such as 
GaN, ZnO, AlN, and so on. The technological development of sapphire and its availability 
with relatively low cost is also one of the reasons for its wide use as substrates in spite of 
lattice mis-match. The high chemical stability can effectively reduce interface reaction 
between the sample and sapphire substrate so that the sample can be grown with high 
crystalline quality. Moreover, the large bandgap of sapphire makes optical characterization 
of samples grown on it to be carried out with insignificant disturbances. 
The phase of alumina substrate, which was used to grow ZnO nanowires in this thesis 
work, was identified using XRD measurement as 32OAl−α . The XRD pattern taken from 
the back surface of the substrate is shown in figure A.1 (a). Vibrational modes of the 
substrate were also investigated using UV Raman scattering. Figure A.1 (b) shows the 
Raman spectra obtained using He-Cd (325 nm) laser excitation. The observed peaks are 
coincident with the expected modes for 32OAl−α  crystalline phase [51]. 
 With 325nm laser excitation the spectrum of the studied samples also evidenced the 
presence of optical active centres in the near infrared spectral region (1.6-1.9 eV) as shown 
in figure A.2. Chromium, titanium and iron are common impurities in 32OAl−α .These 
transition metal ions were known to give rise for luminescence band in the aforementioned 
spectral range [52-54].  A comparison of the measured PL with literature reports suggest 
that the ~1.83 eV and  ~1.79 eV lines could be addressed to +3Fe  and +3Cr  in an alumina 
substrate, respectively [53,55].  
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Figure A.1- (a) XRD pattern of alumina substrate (indexed in accordance with JCPDS, file 
10-0173 (1996)), (b) Raman modes of alumina substrate with 325 nm laser excitation. 
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Figure A.2- Low temperature (10K) PL spectrum (in the near infrared region) of as-grown 
sample on alumina substrate obtained with 325nm laser excitation. 
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